Active matter sometimes exhibits life-like complex spatiotemporal patterns. Here we report on complex oscillatory behaviors of droplets floating on an aqueous surfactant solution. Even if the droplets consist of only simple chemicals, the behaviors they exhibit are unexpectedly complicated. They are likely induced by the interaction among droplets, which is mediated through the surface tension field as well as Marangoni flow field created by the droplets themselves.
Introduction
Active matter can be a model of primitive life. Whereas they obey relatively simple laws of physics, which makes the analysis of their behaviors possible, the behaviors they can exhibit are rich and sometimes comparable with biological systems (Toyota et al., 2006; Hanczyc, 2014) . For example, droplets of aqueous propylene glycol solution placed on a glass plate exhibit self-propelled motion where inter-droplet interaction mediated by diffusion field creates complex dynamic structures (Cira et al., 2015) . Camphor boats floating on a circular channel (Suematsu et al., 2010; Ikura et al., 2013) show peculiar clock-like spatio-temporal patterns. It has even been shown that a droplet can evolve with the help of robotics (Gutierrez et al., 2014) .
Recently we found even more complex behaviors in a system of organic-solvent droplets floating on aqueous solution (Tanaka et al., 2015 (Tanaka et al., , 2017 Čejková et al., 2019) . There, dissolution of organic solvent from droplets decreases the surface tension of aqueous surface, which propels the droplets. When many droplets coexist, the concentration field of dissolved solvent from a droplet overlaps according to the relative position of droplets. Thus the dissolution of surface active substances induces interaction among elements that are providing the substances. Then the elements can show complex spatio-temporal patterns as clusters. In this paper, we summarize our recent findings on complex spatio-temporal structures observed in a chemically simple system.
Methods
Our system consists of droplets floating on a surface of aqueous surfactant solution. The droplets are made of ethyl salicylate (ES, Tokyo Chemical Industry) mixed with paraffin liquid (Sigma-Aldrich). The volume of a droplet was fixed at 10 µL. They are put on the surface of 35 mM aqueous sodium dodecyl sulfate (Tokyo Chemical Industry) solution in a glass dish of 90 mm in diameter. The droplets contains also dye, Oil Red O (Nacalai Tesque, Tokyo) for visualization. The Oil Red O sometimes affects the motion of droplets, so its concentration was fixed at a low value, 0.005wt%, to minimize the effect. Figure 1 shows how chains of droplets form ring structures and then collapse (Tanaka et al., 2017) . Their motion is periodic, which is explained from a state where a ring of droplets is fully formed [ Fig. 1(a) ]. First, the ring breaks at a certain position and then starts shrinking [ Fig. 1(b) and (c)] to a collapsed state. Then new rings appear in the collapsed state [ Fig. 1 (c) and (d)] which immediately start growing [ Fig. 1(d) and (e)]. Finally, a fully-expanded ring is formed, and the process repeats itself. This wiggling mode of motion continues more than several hours, sometimes days. Whereas two chains coexisted in a case shown in Fig. 1 , the number of chains changes with time. Two or more chains sometimes merge into a chain and a chain sometimes breaks into several chains.
Results
We recently showed that nearly same oscillatory motion can be observed also in a decanol system, despite the difference of chemical and physical conditions (Čejková et al., 2019).
Discussion
We found a complex collective mode of motion of droplets, which consist of only a few chemically simple molecules. These droplets are driven by inhomogeneous surface tension field around them, which is created by the dissolution of ES from the droplets (Tanaka et al., 2015) . They interact with each other through the surface tension field, as well as Marangoni flow induced by the gradient of surface tension. While the details of the interaction among the droplets are not yet fully understood, characteristic features of the interactions are summarized as follows. First, the droplets do not easily merge together, even if they seem to touch with each other. Precise mechanism of this stabilization is unclear. The stability depends on the condition, such as ES and Oil Red O concentration. For example, if the concentration of Oil Red O is high, they become vulnerable to merge.
Second, there coexists short-range attraction and longrange repulsion, judging from chain structures formed by droplets. Recently it was found that the mixture of short-range attraction and long-range repulsion can induce a chain-like lamellar structure in a confined geometry (Pȩkalski and Ciach, 2018) . A peculiar feature of our dynamic system is, however, that the chains can be formed even in a low number density state as seen in Fig. 1 . Moreover, the interaction seems dependent on the arrangement of droplets, so that it changes with time.
Third, if we focus on the properties on the chains, they have a tendency to shrink in the direction parallel to them. So a chain starts shrinking and collapsing as soon as it breaks at a point. On the other hand, two chains repel each other in the direction perpendicular to them. This repulsion likely creates rings of chains. In fact, a new ring start its expansion in a collapsed state as soon as two two-droplet chains align in parallel [ Fig. 1(d) , arrow] serving as its nucleus. In combination, chains behave like electric lines of force, apart from the fact that the chains here can break easily.
Conclusions
The droplets of this system gradually dissolving into solution as well as on the surface of solution. The amount of dissolution is small, but it can create large enough force to propel the droplets with the help of surface tension gradient. It was shown here that even a tiny amount of changes in a simple chemical system can induce its complex behaviors, thanks to the instability of surfaces or interfaces. Given the fact that there are potentially many chemicals that can be used to observe similar spatio-temporal patterns, it is possible to induce more complex behaviors, even those comparable to life's complexity.
